ABSTRACT
ABSTRAK

Pengaruh modifikasi bentonit oleh tetrametil ammonium hidroksida (TMAH) pada kemampuannya untuk mengimobilisasi glukosa oksidase (GOX) telah dipelajari. Modifikasi bentonit dilakukan dengan penambahan 0-5% (v/v) TMAH. Hasil penelitian menunjukkan bahwa konsentrasi TMAH yang berbeda berpengaruh pada presentase jumlah enzim terimobil. Konsentrasi TMAH terbaik adalah 5% (v/v) yang dapat mengimobilisasi 84,71% GOX. Studi difraksi sinar X (XRD) dan Fourier Transforms Infrared Spectroscopy (FTIR) telah dilakukan untuk mengamati perubahan struktur bentonit termodifikasi TMAH. GOX terimobilisasi menunjukkan aktivitas katalitik yang optimum pada suhu 40-50°C dan pH 7. Enzim GOX terimobilisasi pada kondisi optimum menunjukkan nilai K m dan V max masing-masing sebesar 4,96x10
mM dan 4,99x10 -3 mM.min -1 . Selain itu, GOX terimobilisasi pada bentonit termodifikasi TMAH cukup stabil sehingga dapat digunakan berulang sebanyak 6 kali sebelum aktivitasnya turun menjadi 39,44%.
INTRODUCTION
Bentonite is one of montmorillonite component that is composed of octahedral aluminium hydroxyl sheet sandwiched between two layers of silicon-oxygen tetrahedral [1] . However, the aluminium atoms are partially replaced by the substitution of either magnesium or iron atoms, thereby creating a charge deficiency within the unit structure. This results in a net negative charge at the clay-mineral surface which is balanced by absorption of (exchangeable) cations between adjacent platelets [2] [3] . In natural montmorillonites these cations are usually calcium, sodium or magnesium according to the weathering agent associated with the formation of mineral. By the exchange of these cations with certain other kinds of cations, bentonite can be modified [4] . Modified bentonite has a wide range of industrial applications including wastewater treatment [2, [5] [6] [7] , purification and clarification [8] [9] [10] . Bentonite has been used as a supporting material in enzyme immobilization, resulting in the enhancement of the stability of the immobilized enzymes [3, [11] [12] [13] [14] .
In this present work, bentonite was used to immobilize glucose oxidase (GOX). Utilization of GOX keeps growing in both industry and medical field. GOX has widely been used for detection of free glucose in blood (biosensors), as additive in food industry, for the production of gluconate acid, as well as additives in toothpaste and bread making [15] . There are several reasons to immobilize GOX such as the convenient handling of enzyme preparations, the easy separation of enzyme from its product, and the re-using of the enzyme, which provides a number of cost advantages for establishing an economically viable enzymecatalyzed process.
The properties of an immobilized enzyme are determined by the properties of both the enzyme and its supporting material. The interaction between the two provides specific chemical, biochemical, mechanical, and kinetic properties of an immobilized enzyme. In order to increase its immobilizing capability, bentonite can be modified by replacing the native exchangeable cations with organic cations such as cationic surfactant [16] [17] . The obtained surfactant-modified bentonite were then used to absorb the neutral and anionic organic compounds [16] and may become a potentially excellent supports for enzyme immobilization [12] [13] 18] . Among the surfactants used for modification of bentonite, tetramethyl ammonium hydroxide (TMAH) is very poorly used and bentonite modified by TMA ions is not popular yet. The mechanism of the uptake of non-ionic organic compounds by TMA-modified bentonite is distinctly different from that encountered with hexadecyltrimethyl ammonium bromide (HDTMA)-modified bentonite, the most commonly used surfactants [16] . Therefore, it is necessary to study the effects of TMAH modification on the structure of bentonite and to monitor the immobilizing capability of TMAH-modified bentonite as well as the activity and the characteristic of the obtained immobilized GOX.
This work aimed to investigate the influence of TMAH modification of bentonite on its GOX immobilizing capability. The changes in bentonite structure after modification were investigated by X-Ray Diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). The characterization study of the obtained immobilized GOX on various substrate concentrations, temperatures and pH was conducted to observe the optimum reaction condition of immobilized GOX. In addition, the reusability study of GOX immobilized on TMAH modified bentonite was also determined to know the stability of immobilized GOX.
EXPERIMENTAL SECTION
Materials
Bentonite was obtained from Pacitan (East Java, Indonesia). TMAH 25 wt.%, glycerol and D-glucose were purchased from Nacalai Tesque (Japan), glucose oxidase isolated from Aspergillus niger (257 IU/mg) were purchased from MP Biomedical, O-Dianisidine and horseradish peroxidase (250-300 IU/mg) were purchased from Sigma-Aldrich (USA), H 2 O 2 30% was obtained from UP. Kobika Puslit LIPI (Indonesia). All other chemicals and solvents used in this study were analytical grade.
Instrumentation
Shimadzu XRD1000 X-Ray diffractometer was used to observe the XRD patterns of bentonite, modified bentonite, and immobilized GOX. The surface functional groups were characterized by FTIR (Brucker Tensor 27 spectrometer). UV-Vis spectrophotometer (Genesys 10S) was used to measure the enzyme activity and protein content.
Procedure
Bentonite modification by TMAH
To obtain TMAH modified bentonite, 250 mL of several concentrations of TMAH solution (in range 0-5%) were heated until 75°C and 5 g of bentonite was gradually added to it. Mixtures of heated TMAH solution and bentonite suspension were refluxed for 5 h. The solid phase was separated by filtration and washed with distilled water until the pH become 7.0 to remove the unabsorbed TMAH. The TMAH modified bentonite was dried overnight at a temperature of 100°C. The modified bentonite powder was sieved with a 140 mesh sieve and the resulting filtrate was used in further experiments. The obtained modified bentonite then was characterized by FTIR. The dry samples about 0.1 g were mixed with KBr and pressed to form tablet. The FTIR spectrum was then recorded.
Immobilization of glucose oxidase
Immobilization of glucose oxidase was carried out by dissolving 0.2 g of TMAH-modified bentonite powder and 1 mL of GOX solution (100 IU) in 4 mL 0.1 M phosphate buffer pH 7.0. After being incubated at 20°C and shaken with rotary shaker overnight, the bentoniteenzyme dispersion was centrifuged at 4,000 rpm at 4°C for 10 min. The supernatant was tested for Hartree Lowry protein assay to determine the amount of un-immobilized enzyme. The pellet was washed several times with phosphate buffer pH 7.0 until no protein was detected in the supernatant. The proteins detected in the supernatants from washing steps were also considered as un-immobilized enzyme.
Immobilization percentage was calculated using the equation below:
% immobilization 100% total amount of immobilized enzyme x total amount of initial enzyme
The total amount of immobilized enzyme was defined as total amount of protein in supernatant before immobilization minus the total amount of protein after immobilization. The total amount of initial enzyme defined as total amount of protein in supernatant before immobilization.
The amounts of protein in the supernatant before and after immobilization were determined using Hartree Lowry's method using GOX as the standard [20] . The quantity of protein immobilized on the support was calculated by subtracting the protein recovered from the combined washings of the modified and unmodified bentonite-enzyme complexes from the total amount of added protein.
Glucose oxidase activity assay
Glucose Oxidase activity was determined based on Whittington's methods [19] with slight modifications. Activity assay was carried out by mixing 500 μL of glucose (2 g/L), 50 μL of o-Dianisidine (2 g/L), 50 μL of horseradish peroxidase (60 unit/mL), 400 μL of glycerol, and 10 μL of immobilized GOX (10 IU/mL). All reagents were dissolved in 0.1 M phosphate buffer pH 7. The reaction mixture was incubated at 40°C for 60 min. The reaction was stopped by centrifugation 11,000 rpm at 4°C for 10 min. Oxidized o-dianisidine present in the supernatant was measured by detecting its absorbance using spectrophotometer at 525 nm.
Enzyme kinetics and characterization
The optimum pH of both immobilized and free GOX activity were determined by dissolving all reagents needed for activity assay in 0.1 M phosphate buffer pH 4.5, 5.5, 6.5, 6.75, 7, 7.25, and 7.5 respectively. To determine the optimum temperature, the immobilized and free GOX was incubated in 0.1 M phosphate buffer pH 7 for 60 min at different temperatures (30, 40, 50 and 60°C) respectively.
Determination of the Michaelis constant (K m ) and the maximum velocity (V max ) values was done by measure the catalytic activity of immobilized and free GOX on the various concentration of glucose (1, 2, 3, 6, 9, 12, and 15%). Activity assay was performed at the optimum pH and temperature conditions. Results were represented as Lineweaver-Burk plots. Slopes and intercepts were calculated by linear regression analysis. All points were means of triplicate experiments. In addition, the effectiveness factor (EF) was used as a comparison parameter for the immobilized system. The formula for EF is given below [21] 
Immobilized GOX reusability was evaluated by repeating incubation cycles (using optimum temperature and pH condition) and determining the enzyme activity at each cycle. Before being used for the next cycle, the immobilized GOX was washed with 500 mL of 0.1 M phosphate buffer pH 7.0.
RESULT AND DISCUSSION
The
Effect of TMAH Concentrations on Immobilization Percentage of GOX TMAH is a cationic surfactant which charge is not influenced by the pH of solutions. In this study, GOX enzyme was immobilized on bentonite that had been modified with TMAH concentrations ranging from 0.75 to 5%. In addition, the immobilization of GOX was also performed on unmodified bentonite to monitor its immobilization capability before modification. The results of Immobilized GOX using both unmodified bentonite and TMAH-modified bentonite are reported in Table 1 .
These results indicate that TMAH modification plays a role in the immobilizing capability of bentonite, since the unmodified bentonite showed the lowest percentage of immobilization compared with the modified ones. The concentration of TMAH influences the percentage of immobilized GOX. The immobilizing capability of bentonite increased after TMAH modification due to the interactions between the enzyme and TMAH modified-bentonite. Surfactant modification involves cation exchanges by adsorption of cations from surfactant onto bentonite and Van der Waals interactions [13] . Due to the modification process of bentonite, it is not easy to determine the amount of cationic surfactant that are adsorbed by Van der Waals interactions and the amount of cationic surfactant that are retained by cation exchanges. As a consequence, this different interaction between TMAH and bentonite leads to formation differentiation of patchy bilayers that may effect to various increases of the pore size and volume of bentonite. The pore size and volume formed influence the GOX immobilization percentage. The results show that the highest percentage of immobilization was achieved when using 5% TMAH for the modification. The 5% TMAH also show results that are significant different with results obtained from 2.45-4.15% TMAH, but no significant different with 0.75 and 1.6% TMAH. In other hand, there is no significant different between 0.75 and 1.6% TMAH with 2.45-4.15% TMAH, so the 5% of TMAH was used in further experiments.
Optimum pH and Temperature
The enzyme activity profiles in various pH and temperature condition can be seen in Fig. 1 and 2 . The data shows that the activity of the immobilized enzyme is lower than the free enzyme. The immobilization process may leads to the conformational changes of the GOX which may decreased its affinity and accessibility for substrate molecules thus cause a decrease in enzyme activity after immobilization process [18] .
The enzyme was subjected to various temperature and pH profiles to ascertain the extent of its stability. The pH-activity relationships of the free and immobilized GOX have been studied at pH 4.5 to 7.5. Both free and immobilized GOX has a broad range of pH from 5.5-7. However among this range, the optimum pH of immobilized and free GOX was 7. It can be seen in Fig. 1 that there is an increasing activity of Immobilized GOX from pH 4.5 to 7 and decreasing activity from pH 7 to 7.5.
The optimum temperature for free enzyme activity was 30°C, and the activity decreased by increasing the temperature. However, the optimum temperature for immobilized GOX was around 40-50°C, because there was no significant difference between the two (Fig. 2) . The optimum temperature for the free GOX shifted to 40-50°C after immobilization on TMAH-modified bentonite. This due to the immobilized GOX probably required higher activation energy to rearrange into the appropriate conformation for the formation of the enzyme-substrate complex. At the temperature of 60°C , both of free and immobilized enzymes showed the lowest activity. The activity reduction of free enzyme at 60°C was around 51.16% from its optimum activity. However, the activity reduction of immobilized enzyme at 60°C from its optimum activity was around 37.04%. The temperature profile of the immobilized GOX on the modified bentonite was more stable with respect to the free enzyme, probably because of the immobilization improved the temperature stability of the GOX.
Kinetic Parameters
An examination of enzyme kinetics measured the V max and K m values from Lineweaver-Burk plots of immobilized and free GOX activity at pH of 7 and Effectiveness factor 1 0.80
Fig 4.
XRD Spectra of (a). Unmodified bentonite, (b). TMAH bentonite, and (c) GOX-TMAH bentonite temperature of 40°C using various concentrations of glucose substrate (Fig. 3) . This determined to check if the Michaelis constant or maximal activity was affected by immobilization. K m and V max values for free and immobilized GOX are given in Table 3 . It was observed an increasing of K m and decreasing of V max after immobilization. The increase of K m indicates that the immobilized enzyme had an apparent lower affinity for the substrate than the free enzyme, which may be caused by the steric hindrance of the active site by the support, the loss of enzyme flexibility necessary for substrate binding or diffusional resistance of the support against substrate and/or product [12, 22] . In addition, the EF value of immobilized enzyme is <1, which mean that immobilization has some effect on substrate and product diffusion [22] .
Stability of Immobilized Glucose Oxidase on Reuse
Enzyme activity of immobilized enzyme on 5% TMAH-modified bentonite was determined and evaluated for each cycle during reusability assay. In addition, the enzyme activity of free enzyme was also determined to investigate the effects of the immobilization process. The immobilized enzyme showed different levels of activity in each incubation cycle is shown in Table 2 .
The data show that immobilized enzyme activity decreased by 39.44% after being used six times. Dramatically decrease in activity occurs between the first and the third cycle. This may occur because the enzyme immobilized by adsorption so that the enzyme is not strongly attached to bentonite. The enzyme located on the outer surface easily dislodged when given a particular treatment. However, after the third use, the enzyme remained fairly stable on the bentonite and may be trapped in the pores of the bentonite so that little leaching occurs.
Compare to the activity of free enzyme, the immobilized enzyme was lower. This indicates that the immobilization process might be directing enzyme molecules towards a particular orientation and then probably blocks the active site of the enzyme or changes the tertiary structure of the enzyme and may unfolds it. 
Fig 5. FTIR Spectra of (a). Unmodified bentonite, (b). TMAH bentonite, (c). GOX-TMAH bentonite, and (d). GOX enzymes
X-Ray Diffraction (XRD) Studies
The XRD patterns of unmodified bentonite, 5% TMAH-modified bentonite (TMAH bentonite), and GOX immobilized on 5% TMAH-modified bentonite (GOX-TMAH bentonite) are shown in Fig. 4 . Crystallinity changes of natural bentonite as an effect of the 5%TMAH treatment can be observed from the X-ray diffractogram given in Fig. 4 . The crystallinity reduction of quartz is characterized by reduction of main peak of quartz diffraction at 2=28.02. However, the main peak of bentonite at 2=6.37 degrees increased in intensity due to the trapping of TMAH molecules in the interlayer structure of bentonite. This results the destruction most of the quartz crystal planes structure as well as changes in distance between layers on bentonite, i.e. shifted from d=8.54 Å on unmodified bentonite to d=15.26 Å on the 5% TMAH-modified bentonite ( Table 4) . The large molecular size of TMAH affects its molecular orientation towards horizontal. The distance between layers (d) in GOX immobilized on 5% TMAH-modified bentonite (Fig.4c) is slightly different from the 5% TMAH-modified bentonite (Fig.4b) . This indicates that the presence of TMAH molecules prevents the introduction of enzyme into interlayer structure of bentonite. These results are reinforcing the notion that most of the enzyme immobilized on the outer surface of bentonite is easily dislodged when given a certain treatment.
Fourier Transform Infrared Spectroscopy (FT-IR) Studies
This section discussed the role of 5% TMAH surfactant solution on changing the structure of bentonite and on absorbing GOX in the layers structure of bentonite. The FTIR spectra of unmodified bentonite, 5% TMAH-modified bentonite (TMAH bentonite), and GOX immobilized on 5% TMAH-modified bentonite (GOX-TMAH bentonite) are presented in Fig. 5 . The TMAH bentonite shows structural changes compared to the structure of unmodified bentonite. The changes are characterized by the change of O-Si-O bond main peak absorption at 1000-1060 cm -1 , which width and intensity are higher. This absorption peak shows the symmetry vibration of O-Si-O bonding on the TMAH bentonite structures. The widening of this absorption is due to the interactions between the O-Si groups of bentonite with the O atoms from the hydroxyl group of TMAH. This is reinforced by the appearance of the absorption peak at 400-550 cm -1 . This adsorption indicates the pores formation within bentonite layers.
The emergence of the absorption peak at 800-850 cm -1 shows the external asymmetry vibration of Si-O-Si bonds between two tetrahedral SiO 4 in the structure of bentonite. Fig. 5 shows the changes in absorption peak character at 800-850 cm -1 between TMAH bentonite and GOX-TMAH bentonite. The emergence of the absorption peak at 800 cm GOX immobilized on 5% TMAH-modified bentonite shows changes in absorption character at the main peak region (950-1050 cm -1 ). The O-Si-O bonds of TMAH bentonite become narrower after binding to the GOX. This is due to the bond termination between the O-Si groups from bentonite and the -OH groups of TMAH because of the inclusion of GOX. The slightly decline of the peak due to the large size of enzyme molecule resulted only a small number of GOX that can enter the layer structure of TMAH bentonite. This phenomenon is strengthened by the narrowing of the absorption peak at 3300-3600 cm -1 for the O-H bonds vibration. This is due to the reduced interactions between O-Si-O groups of bentonite and O-H groups of TMAOH that have been replaced by GOX.
CONCLUSION
Bentonite was modified with various percentages of TMAH enabling the different immobilization percentage of GOX. These modifications change the characteristics of bentonite to use as an immobilization support for glucose oxidase. These findings are practically important for further applications. The immobilized glucose oxidase was relatively stable. It can be re-used six times before its activity decreased by 39.44%. The immobilized enzyme displayed an optimum activity on the reaction temperature of 40-50°C and pH of 7. The present work demonstrates the existence promising applications of TMAH-modified bentonite in immobilizing enzymes.
